AB ST R ACT : Lime-based mortars with admixtures of metakaolin (10, 20 and 30 wt.%) and fine sepiolite (5 wt.%) were prepared with the aim of facilitating their use as repair mortars in lowhumidity conditions. The mechanical properties and the dynamic modulus of elasticity were studied after 28, 90 and 180 days of curing. With an increasing amount of metakaolin in lime mortars, improved mechanical strength was observed mainly after 90 days. Addition of fine sepiolite, due to its adsorption properties for storing water for later supply to the mortar system and its microfibrous morphology, led to an improvement of compressive and flexural strength of blended air lime/air lime-metakaolin mortars, especially at later ages of curing. Incorporation of fine sepiolite into air lime-metakaolin mortars resulted in comprehensive densification of the core of the mortars. Air lime mortar containing 5 wt.% of fine sepiolite and 20 wt.% of metakaolin appears to be an optimal admixture.
attention (Sabir et al., 2001) . In Portugal, metakaolin is still used on a small scale, whereas in some countries (e.g. U.K., France, Brazil, India and USA) metakaolin is available commercially and is more widely used (Velosa et al., 2009) . The raw material for its production is available in Portugal, especially in the north-west and littoral centre of the country (Velho & Gomes, 1991) . Metakaolin is processed from high-purity kaolin clay by calcination at moderate temperatures of 650À800ºC (Sabir et al., 2001) . It is an amorphous material with a large specific surface area and high acidic oxide (Al 2 O 3 + SiO 2 > 90%) content, which explains why it reacts so quickly and combines with such considerable amounts of portlandite (Fortes-Revilla et al., 2006) and produces via pozzolanic reaction new phases such CSH, C 2 ASH 8 and C 4 AH 13 (Rojas, 2006) . Besides artificial pozzolanic materials, natural clays, e.g. bentonite (Ahmad et al., 2011) , and clay minerals such as sepiolite are also added to mortars and cements to improve their characteristics.
Sepiolite is a clay mineral with the structural formula Si 12 Mg 8 O 30 (OH) 4 (OH 2 ) 4 .8H 2 O. It exhibits a microfibrous morphology with a particle length of 2À10 mm (Kavas et al., 2004) . The properties of the sepiolite are closely related to its structure which is made up of sheets of silica tetrahedra linked by oxygen atoms to a central octahedral plane of Mg atoms. The silicon tetrahedra are inverted every six units, which causes formation of longitudinal channels with dimensions of 3.6610.6 Å (Martínez-Ramírez et al., 1995) .
Sepiolite has the largest surface area (BET, N 2 ) of all the clay minerals, about 300 m 2 g À1 , with a high density of silanol groups (ÀSiOH) which explains the marked hydrophilicity of this clay. The silicate lattice does not have a significant negative charge and, therefore, the cation exchange capacity of this clay is very low. The high surface area and porosity of sepiolite account for the remarkable adsorption and absorption properties of this clay mineral. Martínez-Ramírez et al. (1995 , 1998a used sepiolite to develop lime mortars with biocide characteristics and confirmed that incorporation of sepiolite below 5% in weight in the mortar does not affect the mechanical behaviour of the mortar; but there is a reduction in mechanical strength when 10% of lime is substituted. Sepulcre-Aguilar & Hernández-Olivarez (2010) stated that thermally activated sepiolite in metakaolin-lime mortars avoids the formation of C 4 AH 13 resulting in a decrease in strength of 66% compared to metakaolin-lime mortars only. Sepiolite has been used to provide the required rheology for a high-quality corrugated fibre-cement material (Pérez & Á lvarez, 1988; Miller & Moslemi, 1991) and it also improves both flexural and compressive strength as a result of the network structure induced within the cement matrix (Kavas et al., 2004) . Jarabo et al. (2010) discovered that the use of sepiolite in the fibre-cement formulation increased the size and stability of flocs induced by anionic polyacrylamides. The addition of sepiolite to Portland cement mortar significantly reduces the crack width and fibre length (Kang et al., 2008) .
In some rehabilitation cases, it is necessary to use repair mortars in areas of low humidity, or unfavourable conditions such as harsh wind or extreme heat. These conditions induce cracking of the mortars due to fast water depletion. The aim of this study was to develop blended mortars with enhanced mechanical properties and which contain admixtures providing water to the mortar system, acting as water reservoirs. For this reason, metakaolin and sepiolite were chosen as additives to lime mortars.
M A T E R I A L S , M O R T A R C O M P O S I T I O N S A N D C O N D I T I O N I N G
Mortars were formulated with powdered commercial air lime CL 90 (AL) (Calcidrata, S.A., Portugal) and siliceous river sand. They were prepared with an air lime/sand volumetric ratio of 1:3. Lime binder was replaced by: (a) 10, 20 and 30 wt.% of commercial metakaolin (MK) (EcoPozz, Portugal) and (b) the same mortar compositions in which air lime was substituted by 5 wt.% of fine commercial sepiolite (FS) (Sepiolita 15/30, Minas de Paracuellos del Jarama, Madrid, Spain). Individual specimens are marked in the text as shown in Table 1 . The added water was calculated in relation to the required consistency (i.e. similar flow table values of around 130À140 mm), which corresponds to an appropriate workability for this type of mortar. Mortar prisms 406406160 mm were prepared and conditioned in a climatic chamber following the Standard EN 1015-11 (1999) . Specimens were stored in moulds for the first two days in a chamber at 20Ô2ºC with a relative humidity of 95Ô5% and then for five days at the same temperature, but at a relative humidity of 65Ô5%.
After removing the moulds, the specimens were maintained at a relative humidity of 65Ô5% and cured for up to 28, 90 and 180 days.
M E T H O D S
The particle size distribution of fine materials was determined with an X-ray grain size analyser Sedigraph 5100 from Micromeritics, following the Standard BS 3406-2 (1986) procedure.
The mineralogical composition of the specimens was determined using a Philips X'Pert diffractometer equipped with Cu-Ka radiation.
The chemical composition (major elements) was analysed using a Panalytical Axios X-ray fluorescence spectrometer. Loss on ignition was determined by heating the samples in an electric furnace at 1000ºC for 3 h.
The modified Chapelle test was accomplished according to Standard NF P 18-513 (2010) .
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were carried out as simultaneous thermal analysis (STA) on a Setaram TGA 92 balance, under argon atmosphere (3 l h À1 ) between &20ºC and 1000ºC, with a heating rate of 10ºC min À1 . Mercury intrusion porosimetry data were obtained on a Micromeritics AutoPore IV 9500 instrument, with pressure from 0.5 psia to 33000 psia, corresponding to pore diameters between 360 mm and 5.5 nm, respectively.
The morphology of the mortars was studied by scanning electron microscopy (SEM) using a Carl Zeiss-EVO 40HV microscope. Before the scanning process, all samples were coated with gold to enhance the electron conductivity.
Compressive and flexural strengths tests were performed following Standard EN 1015-11 (1999) on ELE Multiplex 50-E equipment, with a ring load of 3 kN.
The dynamic modulus of elasticity based on the fundamental longitudinal resonant frequency following the Standard BS 1881 -209 (1990 X-ray diffraction (XRD). Figure 2 shows the mineralogical analysis of materials used in mortar preparation. The sand is composed mainly of quartz with minor feldspar. Metakaolin used in this work was not completely calcined, as its pattern contained kaolinite in addition to quartz and feldspar. Dolomite is a contamination identified in the XRD pattern of sepiolite. The air lime diffractogram, as expected, contains portlandite, and calcite appears due to carbonation of Ca(OH) 2 .
X-ray fluorescence analysis (XRF). Chemical analyses of the materials used in mortar formulation are presented in Table 2 . The sand shows a large amount of SiO 2 due to quartz and lower quantities of Al 2 O 3 and K 2 O ascribed to alkali feldspar, both Fine sepiolite addition to lime-metakaolin mortars identified in XRD analysis (Fig. 2 ). As expected, air lime has major CaO content, attributed in XRD analysis to portlandite and calcite ( Fig. 2 ) and high loss on ignition (&38 %) due to the release of H 2 O from portlandite and CO 2 from calcite. The SiO 2 content in the metakaolin is higher than the 52% seen for high-purity metakaolins (Cabrera & Rojas, 2001; Gleize et al., 2007) , a consequence of quartz and feldspar admixtures in the metakaolin sample (Fig. 2 ). The sepiolite sample shows a normal value of Al 2 O 3 and an increased amount of MgO and CaO which is a consequence of dolomite contamination confirmed in the sepiolite XRD pattern (Fig. 2) . Modified Chapelle test. This is an accelerated lime consumption test which aims to highlight the development of the pozzolanic effect of silicoaluminate materials and, like many others with the same goal, cannot give accurate information about the range, extent and intensity of the pozzolanic reaction which will be promoted by the tested materials when used in construction.
The modified Chapelle test cannot be directly correlated with the mechanical properties evaluated after long-term ageing curing, since it is carried out over a short range of time (hours). Due to the complexity of the pozzolanic reaction, the modified Chapelle test is a tool that can assess a material for promotion of pozzolanic reactions in a fresh pozzolanic system. On the other hand, good mechanical properties obtained in a fresh pozzolanic system do not necessarily imply good pozzolanic behaviour with ageing. To obtain a correct evaluation, the evidence of the pozzolanic FIG. 2. X-ray diffraction patterns of random oriented materials used for mortar preparation. (Q, quartz; F, feldspar; K, kaolinite; S, sepiolite; D, dolomite; P, portlandite; C, calcite). À1 pozzolan. The pozzolanic activity of a calcined kaolin depends on a number of factors, the most significant of which seem to be the chemical and mineralogical composition (Kakali et al., 2001; Velosa et al., 2009) , the amorphous phase content, the dehydroxylation degree and the specific surface area (Shvarzman et al., 2002) . The value of the modified Chapelle test obtained for fine sepiolite reveals the nonexistent pozzolanic effect of this clay (Table 3) , which is in accordance with study of He et al. (1996) .
Characterization of mortars X-ray diffraction. X-ray patterns of mortars with sepiolite additions after 28, 90 and 180 days are reported in Fig. 3a , b and c respectively. As there are no notable changes in XRD patterns of mortars without sepiolite, they are not presented. As expected, after 28 days, all the patterns contained portlandite and calcite (Fig. 3a) . Unreacted portlandite is still observed in the X-ray patterns after 90 days (Fig. 3b) and its content decreases with curing time. The test with phenolphthalein also confirmed the presence of uncarbonated zones in the middle of the mortar prisms after 90 days. Following 180 days of curing, all the mortars contained only calcite (except the dominant mineral, quartz) as an effect of complete carbonation (Fig. 3c) .
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA). Figure 4 shows the DTA curves of fine sepiolite (FS), metakaolin (MK) and air lime (AL). Sepiolite presents three distinct endothermic peaks at~125ºC and~325ºC ascribed to dehydratation and at~825ºC attributed to the dehydroxylation of the structure (Frost & Ding, 2003; Frost et al., 2009) ; there is one sharp exothermic peak at~840ºC assigned to the formation of enstatite (Pérez-Rodríguez & Galán, 1994; He et al., 1996) . There is evidence of two endothermic peaks, one well resolved at~755ºC and another less well resolved at~900ºC related to the decomposition of dolomite (Mackenzie, 1957) which is present as a contaminant (Fig. 2) . Air lime, as expected, shows an endothermic peak at~475ºC ascribed to the decomposition of portlandite and one endothermic sharp peak at~835ºC related to the decomposition of calcite (carbonated portlandite). Both mineral phases have been observed in XRD analysis (Fig. 2) . Metakaolin presents a slight weight loss of 0.6% between 375 and 1000ºC which corresponds to the dehydroxylation of the uncalcined kaolinite admixture which is present in the kaolinitic raw material. Figure 5 shows the DTA curves for mortars with fine sepiolite mixed with air lime after 28 and 180 days of curing time, as well as the admixtures of fine sepiolite with air lime and the incorporation of metakaolin (10, 20 and 30 wt.%). These mortars present similar DTA behaviour from 28 days to 180 days. One endothermic peak, ranging from 460À488ºC (28 days) and from 471À473ºC (180 days) can be observed, assigned to the thermal decomposition of portlandite. A second endothermic peak is presented (773À817ºC for 28 days and 821À830ºC for 180 days) corresponding to the thermal decomposition of calcite. Mortars with 90 days of curing time show similar Fine sepiolite addition to lime-metakaolin mortars DTA traces; therefore, they are not presented here. Figure 5 shows, for all mortars, four less well resolved endothermic peaks from 125 to 390ºC that are attributed to the dehydration of water retained by the sepiolite. DTA does not show the clear presence of pozzolanic phases from 28 to 180 days. The weight losses of the mortars, discriminated by TGA, are presented in Table 4 . Air limesepiolite mortars without MK incorporation present a decreasing content of portlandite (2.1% from 28 to 90 days and 1.7% from 28 to 180 days) and an increment of calcite content (4.1% from 28 to 90 days and 5.1% from 28 days to 180 days). This behaviour is expected and related to the carbonation process of the mortars.
For the MK-sepiolite mortars, the general tendency is expressed by the diminishing content of portlandite and increasing content of calcite, except for the FSAL20MK mortar, which has shown an unexpected decrease in the content of calcite (1.1% from 28 to 90 days and 3.6% from 90 to 180 days) representing a total decrease content of 4.7% from 28 to 180 days. Also, the FSAL10MK mortar shows a decrease in the content of calcite from 90 to 180 days (1.4%).
Mercury intrusion porosimetry. Table 5 shows the properties of the mercury intrusion porosimetry of FSAL and FSAL20MK mortars at 180 days. The porosity properties were evaluated near the surface of the mortar and in its core. The average pore diameter (4V/A) observed in the core of FSAL (1.4 mm) mortar is greater than that seen with FSAL20MK (0.8 mm), which corresponds to a decrease of 75%. This fact indicates that fine sepiolite mortar with MK develops core microstructures with pores of smaller size when compared with mortar without MK. The pore diameter represents the size of the pore distribution.
FSAL (near surface) has a bimodal distribution, with two modal pore sizes; 1.2 mm and 8.6 mm. The others have a trimodal distribution.
It can be observed that the core of the mortar has a lower apparent porosity (27% for FSAL and 30% for FSAL20MK) than the near-surface porosity (31% for FSAL and 32% for FSAL20MK), indicating that the core of the specimen has a smaller volume of open pores and less total pore area, especially in FSAL mortar (0.5 m 2 g
À1
). The results of the bulk porosity measurements provide evidence of the densification of the core microstructure of the mortars in relation to the surface. After 180 days, the FSAL microstructure shows a decrease of porosity of about 15% from the surface to the centre of the specimen and the FSAL20MK mortar has the same tendency, with a decrease of porosity of about 7%.
Scanning electron microscopy. Scanning electron microscopy (SEM) observations provide an insight Fine sepiolite addition to lime-metakaolin mortars into the mortar's morphology. Figure 6 illustrates the microstructure of individual mortars. Figure 6a and b shows a typical calcitic lime mortar matrix with clusters of carbonated lime providing more open pore spaces. This kind of mortar matrix is more fragile than that of the matrix with a smaller pore size distribution. Figure 6b shows evidence of pozzolanic activity of metakaolin, in which fibrillar CSH crystals are created. The fibrous habit of sepiolite caused enhanced compatibility with the individual components and a comprehensive densification is achieved in the mortar system (Fig. 6d) . Nevertheless, addition of sepiolite causes microstructural changes of mortars ( Fig. 6c and d) . It is evident that mortar with sepiolite incorporation (Fig. 6c ) has a less porous structure than lime mortar (Fig. 6a ). This agrees with the results of mercury intrusion porosimetry (Table 5) .
Mechanical properties
Flexural strength. strength that is especially evident at the age of 90 days (Fig. 7a) . With higher percentages of MK in AL mortars, improved R f values were obtained. Addition of 10, 20 and 30% of MK increased the strength by about 15, 35 and 38% after 90 days, respectively. Incorporation of metakaolin in AL mortar does not cause differences between final values after 180 days and a diminishing trend in R f of ALMK mortars compared to 90 days of curing is observed (Fig. 7a) . Addition of fine sepiolite to AL/ALMK mortars did not cause any significant improvement in the flexural strength values after 28 days of curing (Fig. 7b) . A notable increase after 90 days occurs in FSALMK mortars containing fine sepiolite (Fig. 7b) , in which R f increased by about~90% compared to results after 28 days. Water adsorption properties of fine sepiolite are very significant in this case, as the carbonation process is almost complete; sepiolite provides metakaolin with a wet environment, which favours its pozzolanic activity.
FSALMK mortars maintain the same tendency of 90 days until an age of 180 days with greatest values of flexural strength compared to AL/ALMK mortars, but with a downward trend in results (Fig. 7b) . However, it is clear that the incorporation of fine sepiolite is favourable in terms of the increase of flexural strength.
The age at which lime mortars exhibit their peak strength is unknown. Nor is it known how the mortar strength varies quantitatively with curing time, i.e. the degree of carbonation (Lanas & Alvarez, 2003) . In a general sense, mechanical properties decrease with age. In our case it is evident that peak R f strength of ALMK and FSALMK mortars is between 90 and 180 days ( Fig. 7a and b) .
Flexural strengths of AL and FSAL (without addition of metakaolin) at 180 days are comparable with those at 90 days. This is in good agreement with the results of Lanas & Alvarez (2003) , because this kind of mortar generally contains a lime binder. It is clear that the addition of 10, 20 and 30 wt.% of metakaolin has a more positive influence on mortars containing sepiolite (FSALMK). This must be due to the development of pozzolanic Fine sepiolite addition to lime-metakaolin mortars phases promoted by the MK in the presence of water that is supplied by the sepiolite acting as a water reservoir.
Compressive strength. The compressive strengths (R c ) of AL/AL(10-30)MK and FSAL/FSAL (10-30)MK mortars after 28, 90 and 180 days of curing are reported in Fig. 8a and b respectively. Addition of metakaolin to AL mortars caused a slight improvement of the results after 28 days (Fig. 8a) . At this age, metakaolin addition has its greatest influence, as air lime mortar with addition of 30 wt.% of MK displays the highest value, whereas R c increased about 47% compared to R c of AL without metakaolin. As expected, after 90 days of curing, compressive strengths of all the mortars increased (Fig. 8a) . For the higher amount (30 wt.%) of metakaolin in AL mortars the improvement of R c values reached 58%. After 180 days the compressive strength of AL mortar compared to 90 days increased slightly (about 9%). However, the general tendency of ALMK mortars was a decrease in compressive strength from 90 to 180 days, similar to the pattern displayed by flexural strength. ALMK mortars reach their peak compressive resistance between 90 and 180 days. Incorporation of metakaolin in mortars has a less significant effect on compressive strength after 180 days, but acts favourably at initial ages (28 and 90 days).
After 28 days, only a negligible rise of R c can be ascribed to the addition of fine sepiolite to AL mortar, as expected. However, addition of fine sepiolite to mortars has a positive effect in the case of AL10MK and AL20MK mortars, where R c increased by~21 and 26%, respectively (Fig. 8b) . Addition of fine sepiolite to the mortar with 30 wt.% metakaolin (FSAL30MK) did not improve its behaviour after 28 days and the R c values are lower than ALMK mortar.
After 90 days, an increment in R c values for mortars with fine sepiolite addition was observed (Fig. 8b) . Nevertheless, these values are lower compared to ALMK mortars at 90 days with the exception of AL mortar with a fine sepiolite addition (Fig. 8b) . The effect of fine sepiolite addition can be clearly seen at 180 days; compressive strength values increase continuously up to this age and are higher than those displayed by ALMK mortars. At this age a gradual increase in individual R c values is shown in FSALMK mortars, in which addition of 10, 20 and 30 wt.% of metakaolin causes a 23, 69 and 24% raise in compressive strengths compared with 90 days of curing. FSAL/FSALMK may not have reached their compressive strength peak and additional mechanical strength should be obtained using longer curing times. The highest value is shown by FSAL20MK air lime-metakaolin mortars with 20 wt.% metakaolin and with incorporation of fine sepiolite. In this context, it can be concluded, that it is occurring due to the development of pozzolanic phases, promoted by the MK and the water supplied by Fine sepiolite addition to lime-metakaolin mortars the sepiolite. On the other hand, it was noted that an increase of density from the surface to the core of the specimen corroborated with the average pore diameter and apparent porosity data evaluated in FSAL and FSAL20MK mortars after 180 days (Table 5) . Addition of fine sepiolite to mortar with 20 wt.% of metakaolin appears to be an optimal admixture, which can be related to the decreasing calcite content observed by DTA (Table 4) . FSAL30MK mortar shows slightly a diminishing effect of R f and R c values. Addition of 30% of metakaolin appears to be ''overloaded'' with a deficiency of lime binder.
Elasticity modulus. The dynamic elasticity modulus (E) of the AL/AL(10-30)MK and FSAL/ FSAL(10-30)MK mortars after 28, 90 and 180 days is reported in Fig. 9a and b, respectively.
After 28 days of curing there is little difference between particular sets of mortars ( Fig. 9a and b) . Values of elasticity modulus vary from 2.3À2.8 GPa. A slight increase in the results is observed for ALMK mortars with increasing addition of metakaolin (Fig. 9a) .
With a curing time of 90 days, E values are maintained for FSAL/FSALMK mortars without significant change (Fig. 9b) , while the elastic modulus of AL, AL10MK, AL20MK and AL30MK mortars shows an increment in values of 29, 27, 37 and 39% respectively over 28 days (Fig. 9a) . The upward trend in values with increasing addition of MK at 90 days in ALMK mortars also occur in the case of flexural and compressive strengths (Figs. 7a, 8a ). AL30MK mortar displays the highest E value (3.9 GPa).
At 180 days, the increasing incorporation of MK in AL/ALMK mortars does not influence the final values (Fig. 9a) Fine sepiolite addition to lime-metakaolin mortars compressive strength (Fig. 8b) , as FSAL20MK mortar shows the highest E value compared to 10 and 30 wt.% metakaolin admixtures. Even though there are differences in the dynamic elasticity modulus of mortars with time, final E values are low, ranging from 2À4 GPa. Such a low elasticity modulus is suitable, as renders with a high modulus have low deformation capability and are therefore unsuitable for use in conservation work.
C O N C L U S I O N S (a) Commercial metakaolin used in this work was not completely calcined: it contained kaolinite as an admixture. This resulted in a lower modified Chapelle test value (470 mg Ca(OH) 2 g À1 pozzolan) compared to values in the literature. However, with increasing metakaolin content (10%, 20% and 30 wt.%) as partial lime replacement by mass, an improvement in mechanical resistances (flexural and compressive strength) and elasticity modulus was observed, mainly after 90 days of curing.
(b) Addition of fine sepiolite has a very positive influence on air lime mortars containing metakaolin. This is related to its similar particle size, comparable with lime and metakaolin, which provides the mortar system with wet conditions favouring pozzolanic activity of the metakaolin. After 180 days of curing, air lime/air limemetakaolin mortars with additions of fine sepiolite show higher flexural and compressive strengths than air lime/air lime metakaolin mortars without fine sepiolite.
(c) Mercury intrusion porosimetry confirmed that the core of the mortars has a smaller volume of open pores and less total pore area, compared to conditions near to the surface. Air lime mortars containing metakaolin and fine sepiolite develop a more densified core microstructure compared to lime mortar with fine sepiolite without metakaolin.
(d) All mortars with additions of fine sepiolite and/or metakaolin reach higher mechanical resistances at 180 days compared to air lime/air limemetakaolin mortars, which makes them promising materials for the repair of ancient masonry and could be successfully used for applications in the conservation and restoration of cultural heritage. Air lime mortar containing 5 wt.% of fine sepiolite and 20 wt.% of metakaolin appears to be an optimal admixture.
(e) Elasticity moduli range from 2.3 GPa to 3.9 GPa, meaning that mortars have a high deformation capability and are therefore suitable for use in conservation work. The lowest value (2.3 GPa) for this property is obtained after 28 and 90 days for FSAL mortar.
(f) The use of fine sepiolite as a water reservoir in pozzolanic systems promotes the development of mechanical strength.
